In this study, we report lipid biomarker patterns and phylogenetic identities of key 29 microbial communities mediating anaerobic oxidation of methane (AOM) in active mud 30 volcanoes (MVs) on the continental slope of the Canadian Beaufort Sea. The carbon isotopic 31 compositions (δ 13 C) of sn-2-and sn-3-hydroxyarchaeol showed the highly 13 C-depleted values 32
Isoprenoid dialkyl glycerol diethers (DGDs), considered as biomarkers diagnostic for 248
ANMEs such as archaeol (2,3-di-O-phytanyl-sn-glycerol) and sn-2-hydroxyarcaheol (2-O-3-249 hydroxyphytanyl-3-O-phytanyl-sn-glycerol), were identified in the polar fractions of all three 250 cores (Fig. S1) ; their concentrations were 0.03-0.09 μg/g and 0.01-0.13 μg/g, respectively (Fig.  251 3, see also Table 1 ). Sn-3-hydroxyarchaeol was identified only in MV282 and MV420 252 sediments at concentrations of 0.01-0.08 μg/g (Fig. 3 , see also Table 1 ). Among non-isoprenoid 253 DGDs, we identified DGD (If) with anteiso pentadecyl moieties attached at both the sn-1 and 254 sn-2 positions in all three cores. The concentrations of non-isoprenoid DGD (If) ranged from 255 0.06 to 0.25 μg/g (Fig. 3 , see also Table 1 ). Isoprenoid glycerol dialkyl glycerol tetraethers 256 (GDGTs) containing 0 to 3 cyclopentane moieties (GDGT-0 to GDGT-3) and crenarchaeol 257 which, in addition to 4 cyclopentane moieties, contains a cyclohexane moiety, were detected 258 in all samples investigated (Fig. 4) . Overall, the isoprenoidal GDGTs were dominated by 259 GDGT-0 and crenarchaeol, with concentrations of 0.02-0.19 μg/g and 0.02-0.25 μg/g, 260 respectively, whereas GDGT-1 and GDGT-2 showed much lower concentrations (0.02 μg/g) 261 in the three cores. In the apolar fractions, we did not detect any isoprenoid hydrocarbons that 262 are typically associated with ANMEs, i.e., the C20 compound 2,6,11,15-tetramethylhexadecane 263 (crocetane) or the C25 compound 2,6,10,15,19-pentamethylicosane (PMI). 264
At the three MVs, the δ 13 C values of archaeol and sn-2-hydroxyarchaeols ranged from -265 79.8 to -38.5 ‰ and from -113.9 to -82.1 ‰, respectively (Fig. 3 , Table 1 Archaeal communities were phylogenetically classified as the taxonomic level of class 274 (Table S1 and 
Signals of AOM activity in Beaufort Sea mud volcanoes 287
Active gas bubble emissions into the overlying water column have previously been 288 observed at all the investigated MVs, i.e., MV282, MV420, and MV740 (Paull et al., 2011 and 289 2015) . A sharp decrease in pore water sulfate concentration and a rapid increase in sediment 290 temperature near the seafloor indicates the ascension of sulfate-depleted, warm fluids 291 containing methane from these MVs (Paull et al., 2015) . Thus, several lines of evidence suggest 292 that interstitial methane gas is likely saturated near the seafloor of the investigated MVs, 293 meaning that both an electron acceptor (sulfate) and a donor (methane) for AOM are present in 294 the near-surface sediments. Furthermore, an indirect indication of AOM in near-surface 295 sediments is the presence of thiotrophic organisms, i.e., siboglinid tubeworms closely related 296
to Oligobrachia haakonmosbiensis and the white bacterial mats found at the summit of MV420 297 (Paull et al., 2015) . Such thiotrophs, which consume the AOM end product, sulfide, are 298 typically found in habitats characterized by high AOM activity in the near-surface sediments 299 sediments in section 4.2). In contrast to sulfate, the other potential electron acceptors for AOM 315 mentioned above are typically depleted at shallow depths because redox-reactions are more 316 thermodynamically feasible than AOM (Reeburgh, 2007 (Whiticar, 1999) . As AOM-related biomarkers, we found substantial amounts of sn-2-325 hydroxyarchaeol among the isoprenoid DGDs in all three MV sediment cores (Fig. 3) . detected throughout all three MV sediment cores (Fig. 3) . However, the δ 13 C values of the non-340 isoprenoid DGD (If) (-46.9 to -32.6 ‰) were enriched in 13 C relative to the ascending methane 341 in the MVs. Therefore, our δ 13 C data from the non-isoprenoid DGD (If) suggest that those 342 compounds originate from a mixed community mediating AOM and other processes. 343
Furthermore, our measurements of the TOC content and δ 13 CTOC values in the three 344 sediment cores revealed narrow ranges of 1.20.1 wt.% and -26.40.6 ‰, respectively (Fig. 2,  345 15 see also 2004). Therefore, in accordance with methane ebullition to water column (Paull et al., 2015) , 348 our bulk geochemical data suggest that the contribution of AOM-biomass to sedimentary TOC 349 was rather low at the MVs we investigated, which is in line with our findings that the non-350 isoprenoid GDGTs substantially originate from bacterial sources unassociated with 351
methanotrophy. 352
Similarly, we found substantial amounts of archaeal lipids that originated from sources 353 other than AOM. All sediment cores from the three MVs showed a predominance of GDGT-0 354 and crenarchaeol ( (Table 1) relative to 362 methane provide further evidence that the isoprenoid GDGTs derived from methanotrophic 363 archaea were low in the investigated sediments. For example, at sites characterized by high 364 AOM activity, previous studies found GDGT-1 and -2 at concentrations of up to 20 μg/g, 100-365 fold higher than in our results (Stadnitskaia et al., 2008b) . We can only speculate about the 366 reasons for the low abundances of AOM-related archaeal communities contributing to the 367 GDGT pool. One possibility is a rather recent onset in seepage activity at the coring sites, which 368 would leave too little time for the slow-growing AOM communities, which are characterized 369 by doubling times on the month scale, to have grown large (Nauhaus et al., 2007) . Microbial communities dominated by ANME-2 at the cold seeps of the northwestern Black 388
Sea contained higher amounts of sn-2-hydroxyarchaeol relative to archaeol, whereas the 389 reverse was observed in microbial mats dominated by ANME-1 (Blumenberg et al., 2004) . 390
Indeed, the ratio of isotopically depleted sn-2-hydroxyarchaeol relative to archaeol can be used 391 to distinguish ANME-1 (0-0.8) from ANME-2 (1.1-5.5), with ANME-3 (2.4) falling within 392 the range of ANME-2 (Niemann et al., 2006; Niemann and Elvert, 2008). In our dataset, the 393 concentration of sn-2-hydroxyarchaeol was slightly higher than that of archaeol in MV282, but 394 lower in MV420 and MV740 (Fig. 3 , see also Table 1 ). Accordingly, the sn-2-395 hydroxyarchaeol/archaeol ratio was between 1.3 and 1.8 in MV282, but below 0.7 for most of 396 the samples from MV420 and MV740, except for at depths of 0.7 m (1.4) in MV420 and 0.4-397 0.6 m (0.9-1.1) in MV740 (Fig. 3 , see also Table 1 ). This observation suggests that ANME-2 398 (or ANME-3) was involved in AOM in MV282, whereas ANME-1 was probably involved in 399 AOM in MV420 and MV740, except for at the depths mentioned above. 400
However, the δ 13 C values of archaeol were on average -62.6 ‰ in MV282, -49.4 ‰ in 401 MV420, and -54.3 ‰ in MV740, except for at 0.7 m in MV420 (-79.8 ‰). Hence, the δ 13 C 402 values of archaeol in most of the MV sediments appeared to be enriched in admixture from processes other than AOM. Hence, it appears that the ratio of sn-2-405 hydroxyarchaeol to archaeol was generally high in all investigated MVs, hinting a negligible 406 involvement of ANME-1 in AOM even in MV420 and MV740. Previous studies showed that 407
GDGTs were mostly absent in ANME-2-dominated settings, but not in ANME-1-dominated 408 settings, which typically contain substantial amounts of GDGT-1 and GDGT-2 (e.g., 2013). The GDGT distributions found here (Fig. 4) indeed show a clear dominance of GDGT-411 0 and crenarchaeol over GDGT-1 and GDGT-2. Hence, our lipid data indicate that ANME-2 412 and/or ANME-3 are involved in AOM in the Beaufort Sea MVs rather than ANME-1. We did 413 not detect crocetane, which is diagnostic for ANME-2 (Elvert et al., 1999), but we also found 414 no PMIs which are structurally similar to crocetane and produced by ANME-1, -2 and -3 415 (Niemann and Elvert, 2008), so we could not carry out a further chemotraxonomic distinction 416 of the dominant ANME groups. 417 418
Nucleic acid based phylogeny 419
To further identify key AOM communities, we investigated the archaeal community by 420 18 pyrosequencing of 16S rRNA genes. In line with geochemical and biomarker signals for AOM 421 in the surface sediments of the investigated MVs, we found archaeal sequences of the 422 Methanomicrobia, which contains the order Methanosarcinales (i.e., the clade to which the 423 ANME archaea also belong) at higher abundances in the upper depths of the MV sediment 424 cores than the lower depths (see Table S2 and Fig. S2) . Table S2 ). The OTU c116 represented 2.5-14.1 % and 429 0.2-6.7 % of the archaeal sequences at core depths of 0.0-0.2 m in MV282 and 0.1-1.1 m in 430 MV420, respectively, whereas this OTU was less than 0.2 % at MV740 (Supplementary 431 information Table S2 ). The OTU c1698 accounted for more than 1 % of the archaeal sequences 432 at the surface of MV282 but was absent at other MVs. The OTU c1784 accounted for 1.2-6.8 % 433 and 3.7-14.9 % of the archaeal sequences at core depths of 0.0-0.2 m in MV282 and 0.4-0.6 434 m in MV740, respectively. In contrast, this OTU was rarely detected at all depths of MV420, 435 except for at the depth of 0.7 m. The OTUs c116 and c1698 belonged to ANME-3 archaeal 436 lineage and the OUT c1784 formed a cluster with sequences of ANME-2c, a distinct lineage of 437 Methanosarcinales (Fig. 5) . Hence, the occurrence of these sequences, together with our lipid 438 data, provides evidence that the AOM communities belong to the ANME-2 and ANME-3 439 clades; ANME-1 does not seem to play a role at the investigated Beaufort Sea MVs. In line 440 with our geochemical and lipid analyses, the abundance of ANME-sequences was also low, 441
underscoring that the contribution of the AOM communities to the archaeal biomass at the MVs 442 investigated here was rather minor. Instead, we found that most archaeal sequences belong to to archaeal ANME-2 and ANME-3, albeit in relatively low proportions (Fig. 5) . The ANME-2 451 can be divided into three subgroups, ANME-2a, ANME-2b, and ANME-2c (e.g. Orphan et al., 452
2001; Knittel et al., 2005) . In the Beaufort Sea MVs, the ANME-2c subgroup was detected 453 (Fig. 5) . A previous study at Hydrate Ridge (Cascadia margin off Oregon, USA) showed that 454 ANME-2c was dominant at symbiotic clam Calyptogena sites, accounting for >75 % of the 455 total ANME-2, whereas ANME-2a was the most abundant at a site covered by the sulfide-456 methane flux appeared to be the highest at the MV420 site. Indeed, we found a lower abundance 468 of ANME-2c in MV420 than in MV282 and MV740 (Fig. 5 , see also Table S2 ). The MV740 469 site had the lowest thermal gradient of the MV sites, and thus probably the lowest methane flux, 470 20 which is consistent with the presence of the gas hydrate flake at 230 cm in the MV740 sediment 471 core (see Fig. 1D ). At this MV site, ANME-2c occurred at a deeper core depth (0.3-0.7 m) than 472 at the MV282 site (0.0-0.3 m, see also Table S2 ). This might be linked to the lower methane 473 flux at the MV740 site than at the MV282 site, resulting in penetration of sulfate to deeper 474 sediment depths. Notably, at active MV sites, the sulfate penetration depth can be limited to 475 the upper 2-cm sediment layers (cf. Niemann et al., 2006) . 476
Besides ANME-2c, 16S rRNA gene analyses also revealed the presence of ANME-3 (see 477   Table S2 ). Notably, ANME-3 occurred in MV420 whereas thermal gradients were high 478 (indicating high methane flux) and ANME-2c was almost absent. However, ANME-3 was 479 absent in MV740 where ANME-2c was present. Similar to ANME-2a, ANME-3 was 480 MVs. We found isotopically depleted lipid biomarkers and nucleic acid signatures of microbial 491 communities, most likely ANME-2c and ANME-3, mediating AOM in the surface sediments 492 at these MVs. The prevalence of ANME-3 over ANME-2c at sites characterized by high 493 thermal gradients (and thus probably high methane fluxes) provides a further indication of a 494 methane-flux driven niche segregation of these ANME-clades. However, the overall 495 21 contribution of AOM-related biomass to the organic carbon pool was rather low, and the 496 presence of dominant amounts of lipid biomarkers with comparably high  13 C-values, as well 497 as the dominance of non-ANME sequences, underscores the importance of processes other than 498 AOM in the sediments of the MVs investigated here. Given that our gravity coring system 499 failed to recover the uppermost surface sediments, preventing us from detecting the most active 500 AOM occurrences in the Beaufort Sea MVs, further studies should investigate the undisturbed 501 uppermost surface sediments to investigate the diversity and distribution of AOM-related 502 archaeal communities in detail, and to clarify their preferred habitats in the Beaufort Sea MV 503 systems, for instance, using ROV push cores. 
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